Astronomy & Astrophysics manuscript no. 5082 


© ESO 2008 


February 5, 2008 





Integrated specific star formation rates of galaxies, groups, and 
clusters: A continuous upper limit with stellar mass?^'^^ 

Georg Feulner''^, Ulrich Hopp'-^, and Christine S. Botzler^'^'^ 



o 
o 



' Universitats-Stemwarte Munclien, SciieinerstraBe 1, D-81679 Munchen, Germany 
^ Max-Planck-Institut fiir extraterrestrische Physik, GiessenbachstraBe 1, D-85748 Garching, Germany 
^ University of Auckland, Private Bag 92019, Motrin Road, Glen Innes, Auckland, New Zealand 
University of Canterbury, Private Bag 4800, Christchurch, New Zealand 



Received 24 February 2006; accepted 22 March 2006 



(N 



> 

m 
o 

o 

Oh- 
I 

O 



ABSTRACT 

Aims. We investigate the build-up of stellar mass through star formation in field galaxies, galaxy groups, and clusters in order to better 
understand the physical processes regulating star formation in different haloes. 

Methods. In order to do so we relate ongoing star formation activity to the stellar mass by studying the integrated specific star formation rate 
(SSFR), defined as the star-formation rate per unit stellar mass, as a function of integrated stellar mass for samples of field galaxies, groups of 
galaxies, and galaxy clusters at 0.18 < z < 0.85. The star formation rate (SFR) is derived from the ultraviolet continuum for the galaxies and 
group members, and from emission line fluxes for the cluster galaxies. The stellar masses are computed from multi-band photometry including 
the near-infrared bands for the galaxies and groups, and from the dynamical mass for the cluster sample. 

Results. For the first time, integrated SSFRs for clusters and groups are presented and related to the SSFRs of field galaxies. Tentatively, we 
find a continuous upper limit for galaxies, groups, and clusters in the SSFR-stellar mass plane over seven orders of magnitude in stellar mass. 
This might indicate that the physical processes which control star formation in dark matter haloes of different mass have the same scaling with 
mass over a wide range of masses from dwarf galaxies to massive clusters of galaxies. 

Key words. Galaxies: evolution - galaxies: formation - galaxies: fundamental parameters - galaxies: high redshift - galaxies: clusters: general 
1. Introduction ies show an SSFR falling with stellar mass with a clear up- 



In 1996. ICowie et alJ investigated the contribution of star for- 
mation to the build-up of stellar mass for different galaxy 
masses. They found that at higher redshifts a population of 
massive, heavily star forming galaxies emerges which cannot 
be found in the local universe, a phenomenon they termed 
"down-sizing". This, in turn, implies that the more massive 
galaxies found in today's universe have older stellar popula- 
tions. After this pioneering work the specific star formation rate 
(SSFR), defined as the star formation rate (SFR) per unit stel- 
lar mass, was used to study this connection and to follow its 
evolution with redshift. It is now well established that galax- 
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a fraction of str o ngly star-forrning ga l axies at high SSFRs 
teel l etaljEool iHammer et aP l2005t IPerez-G onzalez et alJ 
1200^*) . Moreover, the most m assive galaxies are dominated by 
the old est stellar populations JProrv et alJl2005t iFeulner et alJ 
l2005b l) and show a marked increase of their mean SSFR around 
z ~ 2 (iEeulneiiet al. 2005 a; Juneau e t al. 2005) . 

Similar studies on the star formation rate in clusters of 
galaxies have been carried out during the last decade finding 
a decr ease of the integrated S FR per unit dynamical mass with 
mass dFinn et alJ l2004l200.5h or, in some sense equivalently, a 
falling fraction of [OIIl -emitting galaxies with velocity disper- 
sion ( Poggianti et al. 2006) . For the cluster members, evidence 
was found for a down-sizing scenario similar to the field ( e.g. 
ISmail et alJl998HTanaka et al.'2005t lPoggianti et al'lOOff). 

For galaxy groups, systematic studies are still rare, al- 
though several studies of star-formation ac tivity as a func- 
tion of environment have been performed ('Hashimoto e t alJ 
■ 1998; .Balogh et aL .2004; .Wilman et aL .2005.) . Recently, 
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IWeinmann et alJ ll20Q6l) presented SSFRs for galaxies in SDSS 
groups showing a decline of the SSFR with halo mass. 

In this work we try to combine information on the SSFR of 
field galaxies with the integrated SSFR of galaxy groups and 
clusters to investigate the build-up of stellar mass in haloes over 
a wide range of masses from dwarf galaxies to massive clusters. 
Studies like these are important to better constrain the physical 
processes responsible for controlling star formation in different 
environments and thus haloes of different masses. 

This Letter is organised as follows. In Sect. |2lwe describe 
the galaxy, group, and cluster samples as well as our methods to 
derive SFRs and stellar masses. Section |3]presents our results 
on the distribution of the different samples in the SSFR-stellar 
mass plane, before we discuss and summarise our work in 
Sect. 13 Throughout this Letter we assume a concordance cos- 
mology with Om = 0.3, Qa = 0.7 and Hq = 70kms"' Mpc"'. 
All magnitudes are given in the Vega system. 

2. Deriving star formation rates and stellar masses 
for the different samples 

2.1. The field galaxy sample 

The field galaxies used in this study are taken from a combined 

sample derived from the FORS Deep Field CHeidt et al 2003: 

iGabasch et al]l2004al) and the GOODS -S field. It is t he sani e 
sample already used and discussed in iFeulner et alJ t^OSa). 
The FDF offers photometry in the U, B, g, R, I, 834 nm, z, 
J and K ban ds and is compli mented by deep spectroscopic 
observations (Nolletal. 2004). In this Letter we use the I- 
selected sub-sample covering the deep central part o f the field 
(~ 40 arcmin^) as described in lGabasch et al.l(l2004all . contain- 
ing 5557 galaxies down to / = 26.4 (50% completeness limit 
for point sources). Photometric re dshifts of FDF galaxie s have 
an accuracy of Az/(1 -H z) = 0.03 ( iGabasch et alJ2004ah . 
Our g-band selected catalogue for the GOODS-S field 
jSalvato et alji2006) is based on the publicly available 8 2.5 x 
2.5 arcmin^ J, H, and Ks VLT/ISAAC images complimented 
by observations in U, B, V, R, and /. The sample contains 3237 
galaxies with a photometric redshift accuracy of Az/(1 + z) = 
0.05 down to = 23 over a field of view of ~ 50 arcmin^. 
For both fields, SFRs are derived from the luminosity Ligoo of 
the ultraviolet continuum al A ^ 1500A (Gabasch et aL 2Q04bj) 
converting it to an SFR p, (i r i units of solar masses per year) 
as described in Madauetal. (1998) and assuming a Salpeter 
initial mass function (■Salpeter.1955.) 



g, = L25 X lO"^'* Mo yr- 
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erg s ' Hz 



(1) 



while stellar masses Ai * (in units of solar masses) are com- 
puted from fitting stellar populati on synthesis mode ls to the 
galaxies' broad-band photometry ("Drorv et al."2004'). A stan- 
dard correction f or dust ex t inction is applied to the SFR follow- 
ing the recipe of lHopkinsI ll2004l) . The SSFR S is then simply 
calculated from 



S = 



To ensure fair comparison with the cluster sample described 
below we have restricted the redshift range for the field galax- 
ies to 0.18 < z < 0.85 yielding 2898 objects with an aver- 
age redshift of (z) - 0.54. Note that within this z interval the 
fraction of undetected du sty star-forming galaxies is still small 
(iFranceschini et al.l2003l). 

2.2. The galaxy group sample 

The integrated SSFRs and stellar masses for the groups are 
based on the Muri i ch Near-Infrared Clu ster Survey (MUNICS; 
iDrorv et alJl200lt iFeulner et al.ll2003l) . a wide-area, medium 
deep photometric and spectroscopic survey in the B, V, R, I, 
J, and K bands covering an area of about 0.3 square degrees 
down to K ^ 19 and R ^ 24 (50% completeness limit for 
point sources). Group membership on the photometric redshift 
catalogue with its accuracy of Az/(1 + z) = 0.06 is assigned 
according to a modified version of the friends-of-friends algo- 
rithm, specifically designed to cope with photometric redshift 
datasets (Botzler et al. 2004). The resulting structure catalogue 
is presented in iBotzler et alJ ^2006) and comprises 162 struc- 
tures (mostly groups) containing 890 galaxies in total. 
SFRs and stellar masses for the individual group members are 
computed in the same manner as fo r the field galaxies de- 
scribed above (see also iFeulner et alJEo05b,) and summed for 
each group, resulting in what we call integrated values. To 
ensure fair comparison with the cluster sample described be- 
low we have restricted the redshift range for the groups to 
0.18 < z < 0.85 leaving us with 137 groups containing 710 
galaxies with an average redshift of (z) - 0.50. 

2.3. The cluster sample 

Since the survey volume probed by MUNICS is too small to 
contain massive clusters, integrated SFRs and stellar masses 
for galaxy clusters are o btained from the sample described in 
iFinn etalJ ll2004 l2005l) who derive SFRs from the Ha fine 
emission. The sample contains 8 clusters at 0.18 < z < 0.85 
with SFR measurements of galaxies, usually within the virial 
radius. The average redshift of the sample is (z) = 0.53. Their 
integrated SFR values are corrected for dust extinction using 
Ahu - 1- Since no measurements for the total stellar mass of 
the clusters are available, we compute this quantity from the 
dynamical mass (derived from the cluster velocity dispersion). 
To accomplish this we make use of the relation between the 
stellar mass Al, and the dynamical mass Alsoo within the ra- 
dius 'R500 (within whic h the mean densi ty is 500 times the crit- 
ical density) derived bv lTjnetalJll2003l) from K-hand observa- 
tions of local clusters: 



= (1.64 + 0.10) X 10" 



M 



500 



-0.26±0.09 



(3) 



M500 \3x lO'^Mey 

To convert the values of AI200 given in 'Finn et al.! (l2005l) 
to AI500 we use the following relation for the dynamical mass 
Ms as a function of the density contrast 6 ifHorner et alJl99^ : 



(2) 



-0.266 ± 0.022 



or M500 ^ 0.78 M 
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Estimating the integrated SFR and stellar mass of galaxy 
clusters in a different manner than for the galaxies and groups 
is, of course, not optimal; for future studies it would be desir- 
able to derive the SFRs and the masses using the same methods. 



3. Star formation and stellar mass in field galaxies, 
groups, and clusters 

In Fig. [Owe present the resulting integrated SSFR versus stellar 
mass diagram for field galaxies, groups, and clusters of galax- 
ies. For groups and clusters, this quantity has - to our knowl- 
edge - not been presented be fore, while it has been previously 
shown for field galaxies (e.g. iFeulner et al.ll2005a[ and refer- 
ences therein). For the first time the distribution of field galax- 
ies, groups, and clusters in this diagnostic diagram can be stud- 
ied in context. 

It is now well established that the SSFR of field galaxies is 
decreasing with increasing stellar mass. This trend holds up to 
stellar masses of logAlj/Alo - 11 where we reach the high- 
mass cut-off of the stellar mass function in the redshift range 
0.18 < z < 0.85 (e.g. Fontana et al. 2004; Drory et al. 2005). 

Interestingly, the integrated SSFRs of groups and clusters 
continue this trend to higher stellar masses. The limiting SSFR 
of the groups from MUNICS follow the same sequence up 
to \ogMtl Mq - 12.5, reaching the SSFRs of clusters with 
log AI./AIq < 13.5 at the very end of this sequence. Groups 
and clusters seem to form a natural extension of the SSFR dis- 
tribution of galaxies, with the upper limit shaping a continu- 
ous sequence over at least seven orders of magnitude in stel- 
lar mass. It is not surprising that there is some overlap be- 
tween very massive galaxies and poor groups as well as be- 
tween massive groups and poor clusters. The slightly smaller 
values for the integrated SSFRs of the MUNICS groups could 
be attributed to the selection of the group members in photo- 
metric redshift space; the algorithm might miss some members 
in the outer regions more likely to be star-forming galaxies. 
Note also that due to the near-infrared selection the MUNICS 
group sample may be biased against high-SFR galaxies with 
low dust attenuation. 

For easier analysis, the approximate upper boundaries to 
the SSFR S for the different samples in Fig.^can be described 
by the following functional form (simil ar to the Schech ter 
parametrisation of the luminosity function. ISchechteJ 1 976l) : 



S = 5olO^'<'+"' exp(lO^--^'') 



(5) 



The free parameters of this function describe the nor- 
malisation (.So), the location of the break (Alo), and the 
slope at lower stellar masses (a). Their approximate values 
are (log ^o/Gyr"', logMo/Mo, a) ^ (5.25, 10.5, -1.5) 
for the field galaxies, (5.25, 11.7, -1.5) for the groups, and 
(5.25, 13.0, -1.5) for the clusters. The slope a can be derived 
from the field-galaxy sample only but seems to apply also to 
the other samples. The curves corresponding to these values 
are plotted in Fig.[n Note, again, that there is a smooth transi- 
tion from groups to clusters, so the upper mass limit for groups 
should be taken with a grain of salt. 
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Fig. 1. Integrated SSFR versus stellar mass for field galaxies 
(small filled circles), galaxy groups (open squares), and galaxy 
clusters (large filled circles) in the redshift range 0.18 < z < 
0.85. The error crosses in the upper left corner give conserva- 
tive estimates of the errors for the field galaxies and the groups, 
whereas individual error bars are attached to the cluster values. 
The solid lines show approximate limits to the point distribu- 
tions (see text for details). 



4. Discussion and conclusions 

In this Letter we have for the first time presented the integrated 
SSFR for groups and clusters of galaxies and compared it to the 
SSFR of the field galaxy population. Moreover, we tentatively 
find a continuous upper limit for galaxies, groups, and clusters 
in the SSFR-stellar mass plane over seven orders of magnitude 
in stellar mass. This might indicate that the processes which 
control star formation in dark matter haloes of different mass 
have the same scaling with mass over a wide range of masses 
from dwarf galaxies to massive clusters of galaxies. 

The physical processes responsible for the "down-sizing" 
phenomenon witnessed in individual galaxies are not yet well 
understood. An early formation epoch for massi ve galax- 
ies or "dry merging" jpaber et aljbood iBell et"aD 12006) of 
lower-mass galaxies as well as quenching of star forma- 
tion in more massive h aloes by feedback mechanisms (e.g. 
IScannapieco et alJ2005l) are among the discussed possibilities. 
Of course, we could also see the result of a combination of 
these processes or be faced with different evolutionary paths 
leading to the population of massive galaxies with old stellar 
populations. 

The fact that the integrated SSFRs of groups and clus- 
ters of galaxies seem to continue the trend displayed by the 
field galaxy population towards higher masses is intriguing. 
For the individual galaxies within these structures, one can 
naturally expect a similar general behaviour as for their coun- 
terparts in the field, modified by environmental effects. It has 
been known for a long time that higher density environments 



4 



G. Feulner, U. Hopp, & C. S. Botzler: Integrated specific star formation rates of galaxies, groups, and clusters 



are o ccupied by g alaxies with morphologically earlier types 
(e.g iDresslej |l280; Postman & Geller 1984; Dressier et al. 
11997 ') and with overal l redder colours (and thus lower star- 
formation activity: .Butcher & Oemleilll978h . Moreover, ellip- 
ticals in higher-density environ ments are on average older than 
their low-density counterparts (* Thomas et alJ 12005). and star 
formation activity in groups seems to be lower than in the field 
llWilman et alJ2005l) . But the fact that the upper limit of the in- 
tegrated SSFRs of all these objects, from dwarf galaxies to rich 
clusters, seems to follow a continuous sequence in the SSFR- 
stellar mass plane seems to suggest that there could be a smooth 
transition from the field to the clusters, which in turn might 
imply that the physical processes responsible for the lower in- 
tegrated star formation activity in higher mass haloes are the 
same over this wide range of stellar masses, or at least have the 
same scaling with stellar mass. 

The analysis presented here is made possible by the avail- 
ability of large samples of field galaxies with well studied prop- 
erties, and by the advent of group and cluster catalogues with 
photometric and spectroscopic data for large number of mem- 
bers. However, statistics is still rather poor for groups and clus- 
ters, and we could not derive SFRs and stellar masses using the 
same methods in all samples. Future studies of large and homo- 
geneous samples of groups, clusters and their member galaxies 
will result in progress in the study of galaxy evolution as a 
function of local density, and allow us to better constrain the 
physical processes responsible for controlling star formation in 
different environments and thus haloes of different masses. 

Acknowledgements. The authors thank R. Bender and C. Mendes de 
Oliveira for helpful suggestions, J. Snigula for assistance with the 
structure catalogue, N. Drory for making his mass-fitting code avail- 
able, A. Gabasch as well as M. Salvato for their work on FDF and 
GOODS-S, and the anonymous referee for his comments. G.F. and 
C.S.B. acknowledge funding by the DFG, G.F. also by the MPG. 

References 

Balogh, M., Eke, V., Miller, C, et al. 2004, MNRAS, 348, 1355 
Bauer, A. E., Drory, N., Hill, G. J., & Feulner, G. 2005, ApJ, 
621, L89 

Bell, E. F, Papovich, C, Wolf, C, et al. 2005, ApJ, 625, 23 
Bell, E. F et al. 2006, ApJ, in press, astro-ph/0506425 
Botzler, C, Snigula, J., Bender, R., et al. 2006, MNRAS, sub- 
mitted 

Botzler, C. S., Snigula, J., Bender, R., & Hopp, U. 2004, 

MNRAS, 349, 425 
Brinchmann, J., Chariot, S., White, S. D. M., et al. 2004, 

MNRAS, 351, 1151 
Brinchmann, J. & Ellis, R. S. 2000, ApJ, 536, L77 
Butcher, H. & Oemler, A. 1978, ApJ, 219, 18 
Cowie, L. L., Songaila, A., Hu, E. M., & Cohen, J. G. 1996, 

AJ, 112, 839 
Dressier, A. 1980, ApJ, 236, 351 

Dressier, A., Oemler, A. J., Couch, W. J., et al. 1997, ApJ, 490, 
577 

Drory, N., Bender, R., & Hopp, U. 2004, ApJ, 616, L103 
Drory, N., Feulner, G., Bender, R., et al. 2001, MNRAS, 325, 
550 



Drory, N., Salvato, M., Gabasch, A., et al. 2005, ApJ, 619, 
L131 

Faber, S. M. et al. 2006, ApJ, submitted, astro-ph/0506044 
Feulner, G., Bender, R., Drory, N., et al. 2003, MNRAS, 342, 
605 

Feulner, G., Gabasch, A., Salvato, M., et al. 2005a, ApJ, 633, 
L9 

Feulner, G., Goranova, Y., Drory, N., Hopp, U., & Bender, R. 

2005b, MNRAS, 358, LI 
Finn, R. A., Zaritsky, D., & McCarthy, D. W. 2004, ApJ, 604, 

141 

Finn, R. A., Zaritsky, D., McCarthy, D. W., et al. 2005, ApJ, 
630, 206 

Fontana, A., Donnarumma, I., Vanzella, E., et al. 2003, ApJ, 
594, L9 

Fontana, A., Pozzetti, L., Donnarumma, 1., et al. 2004, A&A, 
424, 23 

Franceschini, A., Berta, S., Rigopoulou, D., et al. 2003, A&A, 
403, 501 

Gabasch, A., Bender, R., Seitz, S., et al. 2004a, A&A, 421, 41 
Gabasch, A., Salvato, M., Saglia, R. P, et al. 2004b, ApJ, 616, 
L83 

Guzman, R., Gallego, J., Koo, D. C, et al. 1997, ApJ, 489, 559 
Hammer, F, Flores, H., Elbaz, D., et al. 2005, A&A, 430, 1 15 
Hashimoto, Y., Oemler, A. J., Lin, H., & Tucker, D. L. 1998, 
ApJ, 499, 589 

Heidt, J., Appenzeller, 1., Gabasch, A., et al. 2003, A&A, 398, 
49 

Hopkins, A. M. 2004, ApJ, 615, 209 

Horner, D. J., Mushotzky, R. F, & Scharf, C. A. 1999, ApJ, 
520, 78 

Juneau, S., Glazebrook, K., Crampton, D., et al. 2005, ApJ, 
619,L135 

Lin, Y.-T., Mohr, J. J., & Stanford, S. A. 2003, ApJ, 591, 749 
Madau, P, Pozzetti, L., & Dickinson, M. 1998, ApJ, 498, 106 
Noll, S., Mehlert, D., Appenzeller, I., et al. 2004, A&A, 418, 
885 

Perez-Gonzalez, P. G., Gil de Paz, A., Zamorano, J., et al. 2003, 

MNRAS, 338, 525 
Perez-Gonzalez, P. G., Rieke, G. H., Egami, E., et al. 2005, 

ApJ, 630, 82 

Poggianti, B. M. et al. 2006, ApJ, in press, astro-ph/05 12391 
Postman, M. & Geller, M. J. 1984, ApJ, 281, 95 
Salpeter, E. E. 1955, ApJ, 121, 161 

Salvato, M., Gabasch, A., Hopp, U., et al. 2006, A&A, submit- 
ted 

Scannapieco, E., Silk, J., & Bouwens, R. 2005, ApJ, 635, L13 
Schechter, P 1976, ApJ, 203, 297 

Small, 1., Edge, A. C, ElUs, R. S., & Blandford, R. D. 1998, 

MNRAS, 293, 124 
Tanaka, M., Kodama, T., Arimoto, N., et al. 2005, MNRAS, 

362, 268 

Thomas, D., Maraston, C, Bender, R., & de Oliveira, C. M. 

2005, ApJ, 621,673 

Weinmann, S. M., van den Bosch, F. C, Yang, X., & Mo, H. J. 

2006, MNRAS, 366, 2 

Wilman, D. J., Balogh, M. L., Bower, R. G., et al. 2005, 
MNRAS, 358,71 



